Transcriptional control at a number of promoters has been found to involve the highly selective recognition of individual core histones by regulatory proteins, showing how the eukaryotic transcriptional machinery is adapted to function in a chromosomal environment.
The core histones -H2A, H2B, H3 and H4 -are among the most evolutionarily conserved of all eukaryotic proteins. They consist of two domains: a basic amino-terminal domain and a histone-fold carboxy-terminal domain (Fig.  1a) . The histone-fold domain has two defined functions: it heterodimerizes with a second histone -H3 with H4, H2A with H2B -and, once heterodimerized, it wraps DNA in the nucleosome [5] . The basic amino-terminal 'tail' domains lie outside the nucleosome and do not have any defined structure (Fig. 1b) . Although extensive protein-protein and protein-DNA interactions can potentially explain the sequence conservation of the histone fold domains, the amino-terminal tails of histones H3 and H4 show comparable conservation from yeast to man. The reasons for this conservation have been enigmatic, but two non-exclusive explanations have been proposed.
The first suggested explanation is that the H3 and H4 amino-terminal tails represent the sites at which signal transduction pathways impact on chromatin structure.
The amino-terminal tails are known to be sites of histone phosphorylation, acetylation and methylation, and these modifications are closely correlated with changes in the functional properties of chromatin. Sequence conservation at the amino terminus might be required in order to target the appropriate histone modification enzymes. The second suggested explanation is that the amino-terminal tails might represent the sites of interactions between histones and regulatory proteins that have direct structural and functional roles in the transcription process. Such specific interactions have now been shown to occur ( [3, 4] and Mary Ann Osley, personal communication). Histone modifications are predicted not only to alter chromatin structure, but also the interactions between the amino-terminal tails and histone-binding regulatory proteins. The first genetic experiments suggesting that the histone tails play a part in the regulation of specific eukaryotic genes concerned the establishment of silent mating-type loci in the budding yeast Saccharomyces cerevisiae. Subsequent work has firmly established that the amino-terminal tail domains of histones H3 and H4 are essential for repression of the silent mating type loci, as well as of genes placed close to the telomeres in yeast [3] . Transcriptional repression at these chromosomal sites also depends on the silent-information regulatory proteins SIR2, SIR3 and SIR4. SIR3 and SIR4 interact with each other and with the DNA-binding protein RAP1. Together, they direct the compartmentalization of yeast chromosomal telomeres to the vicinity of the nuclear envelope [6] .
Mutations in the amino-terminal tail of histone H4 that alleviated silencing can be suppressed by single aminoacid substitutions in SIR3, suggesting that the two proteins directly interact. Biochemical experiments have confirmed that SIR3 binds directly to the amino-terminal tail of H4, and also to the amino-terminal tail of H3. The data suggests that SIR4 interacts in a similar way with these two histones. The specificity of these interactions was demonstrated by the failure of either SIR3 or SIR4 to interact with the amino-terminal domains of histones H2A and H2B [3] . The amino-terminal domains of H3 and H4 are also required for the assembly of SIR3 into telomeric chromatin, and consequently for the association of the telomere with the nuclear envelope.
A model for transcriptional silencing at yeast telomeres predicts that RAP1 interacts with the telomeric repeats and recruits SIR3 and SIR4, which polymerize along nucleosomal arrays through interactions with the aminoterminal tails of H3 and H4 (Fig. 2a) . At the silent matingtype loci, a distinct repressive mechanism (yet to be definitively characterized) also leads to the recruitment of SIR3 and SIR4 [3] . This model proposes that transcriptional silencing is dependent on the assembly of an extended domain of repressive chromatin structure, where transcription factors and RNA polymerase are excluded both by SIR3 and SIR4, and by the entrapment of this chromatin domain in a perinuclear compartment.
A very different set of experiments has revealed a local repression of transcription by histones H2A and H2B in an extranucleosomal context (Mary Ann Osley, personal communication). Either H2A or H2B was tethered to the prokaryotic DNA-binding protein LexA; binding sites for which were positioned adjacent to two yeast upstream activating sequences in the promoter of the HTA-1 gene. Expression of the LexA alone did not influence transcription, but expression of either of the LexA-histone fusion proteins severely repressed transcription. Both the aminoterminal tail and carboxy-terminal histone-fold domain of H2A were found to be required for transcriptional repression. In contrast, the carboxy-terminal domain, but not the amino-terminal tail, of H2B directed repression of the HTA-1 promoter. These results suggest that transcriptional regulation is mediated by H2A/H2B heterodimerization,
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Figure 2
The functions of the histone-binding proteins discussed in the text. (a) The amino-terminal tails of histones H3 (yellow) and H4 (red) in a subtelomeric polynucleosomal array bind SIR3 and SIR4 proteins and form a heterochromatic domain [3] . The interaction between NF1 (red) and the carboxy-terminal domain of histone H3 (yellow) within an adjacent nucleosome specifically positions the nucleosome. The resulting static DNA loop brings together the promoter and the upstream estrogen response element and bound estrogen receptor (ER) [8] . Numbers indicate the position of the nucleosome relative to the transcription start site (+1). 
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and that the amino-terminal tail of H2A specifically targets some repressor.
Further analysis has shown that this H2A/H2B-binding repressive complex contains the products of the genes SPT4, SPT5 and SPT6 (SPT stands for 'suppressor of Ty', Ty being a yeast transposable element) [7] . Moreover, SPT mutations were found to have differential effects on the capacity of either LexA-H2A or LexA-H2B fusion proteins to repress transcription. A model has been proposed in which the SPT4/SPT5/SPT6 complex functionally interacts with histones H2A and H2B in the assembly of a repressive chromatin structure (Fig. 2b) . The novel aspect of this is the suggestion that the amino-terminal tail of histone H2A can target the repression of a gene outside of a nucleosomal architecture. Thus, the aminoterminal tail of H2A can be considered as a transcriptional 'silencing' domain, in contrast to the more widely recognized transcriptional 'activation' domains of transcription factors.
A role for histones in transcriptional repression is seen at many promoters, but chromatin assembly can also facilitate transcription [8] . On the Xenopus vitellogenin B1 promoter, a nucleosome is positioned between an estrogen-responsive enhancer and the binding sites for transcription factors hepatocyte nuclear factor 3 (HNF3) and nuclear factor 1 (NF1). This positioned nucleosome creates a static loop that juxtaposes the enhancer with the proximal promoter elements, stimulating transcription as a result. Of comparable significance to direct transcriptional stimulation is the organization of histone-DNA contacts so that they do not impede transcription factor access to particular DNA sites within chromatin. This stops nucleosome assembly from having repressive effects on transcription. The specific organization of this chromatin template leads to an increase in the efficiency of transcription of over 100-fold, relative to a template in which there are random, non-specific histone-DNA interactions.
The assembly of specifically positioned nucleosomes has two major consequences. First, the DNA double helix can be organized so that it is rotationally positioned with respect to the histone surface -that is, a particular sequence faces towards solution and another sequence, half a DNA helical turn away, faces towards the histones. And second, histone-DNA contacts are translationally positioned so that they begin and end at specific sequences. Rotational positioning is predominantly directed by the anisotropic flexibility of DNA, defining the easiest direction to bend the double helix into the two, eighty base-pair superhelical circles found within the nucleosome. The distortion of DNA in this way is energetically unfavorable, and histones much prefer to bind to DNA that is intrinsically curved. It takes less energy to bend the double helix if it is already curved.
The favored binding site of the histone octamer within the DNA comprising the vitellogenin B1 gene promoter has intrinsic curvature [8] . However, although the rotational positioning of DNA in this particular nucleosome is understood, translational positioning was, until very recently, not understood [4] . Something has to instruct the histones as to where they should begin to associate with DNA. An important study has now shown that the transcription factor NF1 engages in specific interactions with histone H3 that direct the positioning of the nucleosome on the vitellogenin B1 promoter [4] . Screening for protein-protein interactions using the yeast two-hybrid method, and mutational analysis, have revealed that the histone-fold domain of histone H3 interacts with the proline-rich transcriptional activation domain of NF1.
These studies were confirmed by biochemical analysis demonstrating that NF1 binds H3 but not H4, H2A or H2B in isolation. NF1 also binds to mixtures of H3 and H4, presumably as a consequence of the specific heterodimerization of H3 and H4. Importantly, the transcriptional activation domain of NF1 interacts with H3 in a nucleosomal context, and therefore provides positional information for the adjacent nucleosome leading to the specific organization of histone-DNA interactions [4] . There is an excellent correlation between the capacity of mutant forms of NF1 to activate transcription and their capacity to interact with histone H3. These results lead to a model in which a primarily role of the transcription factor NF1 is to direct the assembly of a positioned nucleosome that stimulates transcription from the vitellogenin B1 promoter as part of an extended regulatory nucleoprotein complex (Fig. 2c ).
These three examples of transcriptional regulation have in common the highly selective recognition of individual core histones by a variety of regulatory proteins. These interactions can be targeted by sequence-specific DNA binding proteins, and provide an explanation for the highly selective activation or repression of particular genes following mutation of individual histones [9] . The inclusion of histones as architectural components within regulatory nucleoprotein complexes further strengthens the evidence for their essential role in eukaryotic transcription. The reasons for the conservation of the primary sequence of the core histones thus go beyond merely conserving the internal architecture of the nucleosome, and include the functional requirement of conserving interactions with the regulatory proteins that modulate chromatin function. These results also suggest that novel families of proteins remain to be defined that will contain conserved regions capable of specifically recognizing histone domains both outside and inside the nucleosome. Defining the nature of these proteins that truly 'hang on' to the histones will offer much insight into how regulatory events occur within chromosomes.
